Energy cogeneration from sugarcane trash generally occurs through mechanical baling. This work evaluates the influence of baler speed and windrowed sugarcane trash volume on the operational, economic performance, and quality of prismatic bales produced by a baler. The experiment was carried out in a sugarcane production area, using a baler that produces rectangular prismatic bales, driven by a tractor with 161.81 kW nominal power. The experimental design was completely randomized in a 2 x 2 factorial scheme, consisting of two windrowed trash volumes (50 and 90%) and two working speeds (3 and 5 km h -1 ), with six replicates. The following were evaluated: mineral impurity, dry weight, and volume of bales, as well as fuel consumption, operational capacity, costs, and economic efficiency of baling. Bale volume was not influenced by windrowed trash volume and baler speed. Higher windrowed trash volume provided lower cost per bale and higher mineral impurity index and dry weight of bales. Hourly fuel consumption, operational field capacity, and bale production increased with increasing speed. The highest economic efficiency is obtained with higher speed and windrowed trash volume.
Introduction
Sugarcane plant residues have been used as potential raw materials for energy purposes, being an alternative, renewable, and sustainable source (Marques & Pinto, 2013) . The rational use of this biomass represents an interesting solution for the technological advance in energy production, mainly in the vicinity of producing units (Santos et al., 2012) .
Sugarcane biomass attracts attention because of its great potential in quantity and quality produced; however, it is still moderately exploited (Ferreira Filho & Horridge, 2014) . Even this being the case, the sector is growing, indicating an advance in plant biomass energy use in sugarcane producing areas (Steiner et al., 2011) . According to MME/EPE (2017), 43.5% of the Brazilian energy comes from renewable sources, of which sugarcane biomass accounts for only 17.5%.
According to Ripoli & Gamero (2007) , sugarcane biomass, commonly known as sugarcane trash, is understood to be the plant material composed of green leaves, straw (dry leaves), tips, and stem fractions remaining on the ground. Franco et al. (2003) report that the amount of trash varies greatly after mechanized harvest, ranging from 4.7 to 22.8 t ha -1 , depending on the planted variety, cane age, edaphoclimatic conditions, and harvest adjustments.
Some important agronomic aspects should be considered in trash recovery. The trash should not be totally extracted from the soil surface; its maintenance, at least in part, is directly related to soil microbial activities, favoring soil fertility and conservation (Franco, 2003) . Moreover, total trash removal can modify soil physical properties, its water retention capacity, aeration, electrical conductivity, weed control, and agroecosystem productivity (Andreotti et al., 2015) . According to the literature, removal of up to 50% of the trash from the soil does not impair physical, chemical, and biological aspects (Ripoli & Gamero, 2007; UNICA, 2011) .
Trash extraction for use in energy cogeneration is usually performed by balers. These machines collect and compact the trash, producing bales tied by sisal ropes, raffia, synthetic fabrics, wires, or twines (Guerra et al., 2013) . For a better performance of balers, the trash is previously organized by a rake that gathers it by using the rotary movement of fingered discs to group the trash into windrows, which can be altered in size and biomass volume (Perea et al., 2012) .
Balers are generally tractor driven and are graded according to the shape and size of the bales produced, with rectangular and cylindrical prism shapes being more common (Santos & Borém, 2016) . Bales can vary from low weight bales (with a few kilograms), enabling easy manual loading, to bales of over 700 kg, with mechanized handling and transportation (Guerra et al., 2013) .
Although studies and technological development have contributed to the improvement of trash baling, some obstacles still persist. Among these, we can highlight trash heterogeneity and low density, mineral impurity in bales produced, balers with low operational capacity and high costs (Michelazzo & Braunbeck, 2008) . Franco (2003) points out that the higher the working speed of the baler, associated with a larger windrowed trash volume, the greater the difficulty of collecting the material due to inadequate feeding rate of the machine platform. Baler jamming becomes thus more frequent, causing a greater number of stops for maintenance and consequently lower efficiency and operating capacity.
In this context, it is necessary to study the hypothesis of influence of working speed and windrowed sugarcane trash volume on the operational, economic performance, and quality of prismatic bales produced by a baler. Therefore, this study evaluates the performance of a baler and the quality of bales as a function of working speed and windrowed sugarcane trash volume.
Materials and methods
The experiment was carried out in a sugarcane producing area located in São Miguel dos Campos city, Alagoas State, with the following geographical coordinates: 9º 48' 24" S latitude, 36º 6' 55" W longitude, and altitude of 97 meters. The climate of the region is classified as rainy tropical with dry summer, with annual rainfall of 1634.2 mm and average temperature between 34 and 24 °C. The soil is classified as dystrophic Yellow Latosol, typical of A clayey texture (Embrapa, 2013) . The sugarcane variety grown in the experiment area was RB92579, planted in a spacing of one meter between rows.
The experimental design was completely randomized blocks with six replicates in a 2 x 2 factorial arrangement. Treatments consisted of two windrowed trash volumes (50 and 90%) and two baler speeds (3 and 5 km h -1 ). They were identified as A1V1 (50% windrowing and 3 km h -1 speed), A1V2 (50% windrowing and 5 km h -1 speed), A2V1 (90% windrowing and 3 km h -1 speed), and A2V2 (90% windrowing and 5 km h -1 speed).
The baler used was brand New Holland, model BB9080, manufactured in 2013, with trailing coupling device and equipped with pickup feeding system (3 forks and 9 fingers), collector 225 cm wide, plunger stroke of 710 mm and 42 strokes per minute, double mooring system with 6 yarns per mooring and capacity of 30 yarn rolls, and bales produced in prismatic geometry, of dimensions 1.2 m x 2.5 m x 0.9 m. A wheel tractor (brand New Holland, model T7240) manufactured in 2013, with 4 x 2 front-wheel drive and 161.81 kW nominal power was used to pull the baler. The rake used to windrow the sugarcane trash on the soil surface was brand New Holland, model H5980, set with a 9 meter working width, and pulled by a wheel tractor (brand New Holland, model TL 75E) manufactured in 2012, with 4 x 2 front-wheel drive and nominal power of 55.93 kW.
The trash volume in the experimental area was 10.2 t ha -1 , corresponding to the sixth mechanized harvest of sugarcane. This volume was determined three days after harvest with the aid of a template of 0.6 m x 0.6 m, in six random replicates in the experimental area, adapted from the methodology of Ripoli (1991) . Trash water content was determined by a digital moisture meter (brand Lippel, model ProAgro 100), equipped with a 0.5 m long rod. The average trash water content was 13.5%, obtained by the measurement of six trash samples, with approximately ten kilos each, collected randomly in the trash windrows and pressed by a hydraulic jack.
Each experimental plot contained ten 400 m long windrows, distanced 7 and 8 m apart in the treatments with 50 and 90% windrowed trash, respectively.
The bales produced had their amount of mineral impurity (soil), dry weight, and volume evaluated. To quantify the mineral impurity of bales, four samples of six bales were collected per treatment, and a cylindrical electric probe was used (Gomes, 2014) . The collected samples were submitted to mineral impurity analysis by the muffle method (Brasil, 1983) .
The dry mass of bales, determined in a mobile digital scale, disregarded mineral impurity and water content (Equation 1).
DM = TW -WC -I (1)
Wherein: DM is the dry mass of the bale (kg), TW is the total weight (kg), WC is the water content (kg), and I is the impurity of the bale (% in TW; kg). Bale volume was determined by Equation 2.
BV = H × W × L (2)
Wherein: BV is the volume of the bale (m 3 ), H is the height of the bale (m), W is the width of the bale (m), and L is the length of the bale (m) Hourly fuel consumption (Hfc), given in L h -1 , was determined by the methodology described by Barbosa et al. (2008) . The tractor tank was fully loaded at the beginning of each plot and replenished after the operation, at the end of plots, with the aid of a graduated cylinder with a precision of 0.001 L. Consumption was determined by reading the fuel volume used for tank replenishment as a function of the time demanded for displacement in the plot, recorded with a digital timer with precision of 0.01 s. A 10-m spacing between plots was used for the procedure and for equalizing the tractor/baler combination.
Operational field capacity (OFC), given by the ratio between the area (or production obtained) and the total time in which the mechanized assembly remained in the field, was calculated using Equation 3, as described by Mialhe (1974) .
Wherein: OFC is the operational field capacity (ha h -1 ), WA is the worked area (ha), and PT is the productive time of the tractor/baler combination (h). The hourly (HC) and operating (OC) costs of baling were calculated for the tractor and baler, using the methodology proposed by Mialhe (1974) . The following fixed costs were considered: depreciation (straight-line method), interest, shelter, insurance and taxes; in addition to the following variable costs: fuel, lubricants, labor, and maintenance. The equations used for the calculations are listed in Table 1 . The initial acquisition value (Vi) of the tractor and baler were considered as those paid by the plant, R$ 189,000.00 and R$ 236,944.50, respectively. The residual value (Vr) was 30% IV. The useful life in years (UL) was considered as ten years or 10,000 hours for the tractor, and ten years or 5,000 hours for the baler, with 1000 hours of use per year (N) for the tractor, and 500 hours of N for the baler, according to the parameters of ASAE D497.7 (ASABE, 2011). Mialhe (1974) .
Item
Legend Equation The interest rate (Tj) adopted for the calculations was 8.5% per year (BNDES, 2017) . The rate of shelter, insurance and taxes (T) was considered as Ta a Ts of 1% (Mialhe, 1974) . The rate of maintenance (Tm) of the tractor and baler was 100% and 60%, respectively (ASABE, 2011) . The price of diesel oil (Pc) was R$ 2.89 L -1 , and the monthly salary of the operator (So) R$ 1.800,00, considering the values paid by the plant. Social and accounting charges (Sc) were stipulated in 70% So, and the working day was 8 hours daily in 26 days per month.
The cost per bale (BC), given in R$ per bale, was obtained by dividing the OC by the number of bales produced per hour (Bph). Economic efficiency was determined by the cost/benefit ratio, obtained by dividing the productivity in bales per hour by the total cost of production (Guiducci et al., 2012) .
Statistical analysis of data on bale volume, bale mineral impurity, bale dry weight, operational field capacity, bales produced per hour, hourly fuel consumption, and fuel consumption per bale were subjected to normality test, and subsequently to analysis of variance, with means compared by the Tukey test at 5% error probability, as recommended by Pimentel-- Gomes (1987) , using the statistical software Assistat. The results of costs and economic efficiency were compared by descriptive statistics, since they were absolute values and without the possibility of repetition.
Results and discussion
The results of the analysis of variance and mean test for the volume and mineral impurity of the bales produced by the prismatic baler are shown in Table 2 . The volume of bales produced was similar between treatments, indicating that the baler produces bales with regular height, width, and length, regardless of windrowed trash volume and working speed. This result is of great importance to the transportation of bales to the industry, since the volume and uniform shape of bales makes it possible to optimize the fleet of trucks in terms of number, size, load capacity, and power, improving efficiency and transportation costs (Michelazzo & Braunbeck, 2008) .
Bale volume uniformity makes it possible to comply more easily with Resolution No. 211/06 of the National Traffic Council -CONTRAN, which restricts to freight vehicles traveling on public highways the maximum limits of 19.8 m in length, 2.60 m in width, 4.40 m in height, and 57 tonnes gross weight. Freight vehicles whose dimensions exceed the limits provided for in the resolution may only travel with special transit authorization, which may be granted on the basis of a combined total gross weight requirement of 74 tonnes or less, a minimum length of 25 m and maximum of 30 m, transit from dawn to sunset at a maximum speed of 80 km h -1 and in roads containing an additional lane for slow vehicles in segments with slope and length exceeding 5% and 600 m, respectively. For the trans-portation of bales in compliance with the resolution, it becomes important to know the dimensions and weight of the bales produced by a baler.
Treatments A1V1 and A1V2 had the lowest amount of mineral impurity in the bales, not differing from each other. The higher impurity indices observed for treatments A2V1 and A2V2 also did not differ from each other. Possibly, the lowest impurity index is related to the lower trash volume, since in this condition the rake operates with the windrowing fingers distant from the soil, reducing the volume of mineral impurities (soil and stones) in the trash windrow. The discussion corroborates a study carried out by Guerra et al. (2013) , when they describe that windrowed trash volume affects bale purity, with a higher percentage of impurity the higher the windrowed trash volume. Santos & Borém (2016) clarify that knowing the index of mineral impurities in the bales is important because these impurities trigger mechanical damages to the industry. Mineral impurities provide corrosion and abrasion in boilers and components such as extractor sets, milling rollers, suits, and cylinders during the industrial process of burning the raw material in the sugar and alcohol industry (Lima & Ferraresi, 2010) . According to Santos & Borém (2016) , the desired pa-rameter is bales reaching a maximum value of 2% mineral impurities. Although not close to this parameter, the impurity results obtained were lower than that found by Perea et al. (2012) , who evaluated sugarcane management systems and used, among other machines, a baler with pickup feeding system, finding an average impurity of 8% in bales. In an experiment evaluating a BD940 prismatic baler in the Piracicaba region, Torrezan (2003) obtained average mineral impurity of 6.31% in bales. Differences in results can be explained by soil type and moisture, amount of trash on the surface, and baler configuration.
The results of the analysis of variance and mean test for the dry weight of the bales produced by the prismatic baler are shown in Table 2 .
Treatments A1V1 and A1V2 led to bales with lower dry weight, not differing from each other. Treatments A2V1 and A2V2, with higher dry weight, also did not differ from each other. This result probably occurred due to the windrowed trash volume, since the higher the windrowed trash volume, the greater the dry weight of bales, regardless of baler speed. Presumably, greater windrowed trash volume increases the material supply in the baler collection and compaction system, producing bales with higher dry weight. The obtained results are compatible with the usual ones in power cogeneration plants. According to CTC (2013), the dry weight of prismatic bales can range from 180 to 700 kg bale -1 .
In a comparative study of two sugarcane trash baling systems, Lemos et al. (2014) obtained 294 kg dry weight for prismatic bales. Canto et al. (2011) , in turn, obtained bale weight values between 535.4 and 570.9 kg. Moreover, Lotjonen & Paappanen (2013) , baling spring grass with different balers, obtained a dry weight between 246.16 and 345.42 kg for prismatic bales. Martelli et al. (2015) obtained 319 kg dry weight per bale. The difference in results for bale dry weight in these studies can be justified by the different water contents in baled biomass, type of baled material, constructive characteristics, and baler configuration.
Bale dry weight is an important characteristic for the logistics of transportation to the industry, since bales with lower dry weight facilitate the loading operation, although raising the cost per ton of transported trash (Tieppo et al., 2014) .
The results of the operational performance of the tractor/baler combination are shown in Table 3 . The results indicate a higher OFC for treatments A1V2 and A2V2 compared to A1V1 and A2V1. The working speed influenced OFC values, since higher or lower values were obtained with different windrowed trash volumes. These results corroborate with those obtained by Gomes et al. (2016) , who evaluated two balers and obtained a OFC of 3.4 and 5.7 ha -1 with a baler similar to that used in the present study, with 50 and 90% windrowed trash, respectively. Lemos et al. (2014) , using a prismatic baler in an experiment carried out in Lençóis Paulista, found that its operational capacity was 2.23 ha h -1 , lower than that found in this study. Factors such as trash water content, working speed, and windrowed trash volume may have contributed to the divergence of results.
Although OFC was higher for treatments that used higher working speeds, bale production per hour (Bph) was higher in treatments with higher windrowed trash volume (A2V1 and A2V2), regardless of the speed used. Lower trash volume increases the distance travelled by the baler, thus requiring more time to produce a bale, resulting in lower bale productivity per hour. By using a greater windrowed trash volume, the context is reversed: a lower distance is travelled, demanding less time to produce a bale, increasing the bale productivity per hour of the baler. Gomes et al. (2016) obtained a production of 50.5 bales per hour for 50% collected trash, and 37 bales per hour for 90% collected trash, a difference also justified by the trash volume collected. The results obtained are equivalent to those found by Marteli & Bentini (2015) , who obtained trash volumes between 40.9 and 45 bales h -1 .
The hourly fuel consumption (Hfc) was lower in treatments A1V1 and A2V1 compared to A1V2 and A2V2. The Hfc value relates to the possible increase or reduction of the required tractive force of the tractor as a function of the working speed. According to Fiorese et al. (2015) , in general, in agricultural tractors, fuel consumption is higher when the engine reaches the rotation near the maximum power and with the throttle fully open, the consumption tending to decrease with decreased engine rotation. This fact possibly proves that the higher Hfc in treatments A1V2 and A2V2 occurred due to increased tractive force of the tractor; in addition, the hydraulic system and power take-off were more demanded due to the collecting mechanism and compacting plunger of the baler. Furlani et al. (2013) and Francetto et al. (2015) also describe the ratio of speed over hourly fuel consumption as a func-tion of increased tractive power requirement of the tractor/implement combination.
Fuel consumption per bale (FCB) was higher for treatments A1V1 and A1V2 compared to A2V1 and A2V2. These results are related to the number of bales produced per hour; thus, the Hfc of A1V1 and A1V2 was higher due to lower Bph, and the Hfc of A2V1 and A2V2 was lower due to higher Bph.
The hourly costs, operating costs, costs per bale, and economic efficiency of the baling operation are shown in Table 4 . The lowest hourly cost (HC) was obtained in treatment A1V1, R$ 274.17 h -1 , and the highest in treatment A2V2, R$ 281.23 h -1 , a difference of 2.5%. This result is justified in Table 2 , where A1V1 demands lower Hfc. The highest operating cost (OC), R$ 57.43 ha -1 , was observed in treatment A2V1, 12.8% higher than treatment A1V2, whose OC was R$ 50.91 ha -1 . The higher and lower OC are associated with the OFC of the treatment, where the lower the OFC , the higher the OC, as observed for treatment A2V1, and the higher the OFC , the lower the OC, as in treatment A1V2. The cost per bale (BC) was lower in A2V2 and higher in A1V1, R$ 5.49 and R$ 7.92 per bale, respectively. The CF of A2V2 was 44.2% lower because the Fph was higher, reducing the unit cost of the bale. In treatment A1V1, the hourly production of bales was lower, burdening the CF. Lemos et al. (2014) observed higher operating costs for prismatic baler, US$ 27.04 ha -1 (approximately R$ 86.52 ha -1 ), considering the twine used in the bale among the variable costs. Canto et al. (2011) , evaluating two balers producing bales from forest biomass, found the lowest operating cost to be US$ 113.40 ha -1 (equivalent to R$ 362.88 ha -1 ). The higher cost is possibly due to the baler model and its working conditions and operational capacity. For the baling of sugarcane trash, Gomes et al. (2016) observed an operating cost of R$ 50.69 at a site with 50% collected trash, and R$ 28.73 at a site with 90% collected trash. They also found an hourly cost of R$ 175.40 and R$ 165.80, and cost per bale of R$ 4.71 and R$ 4.45, respectively, for 50 and 90% collected material.
According to the absolute values of costs, the highest economic efficiency of the baling operation was obtained in treatment A2V2, indicating that the investments of the operation (understood as costs for the purpose of calculations) are better converted into baler productivity. Comparatively, A2V2 was 25.5% more economically efficient than A1V1. The higher economic efficiency of the baler means that for each R$ 1.00 demanded in costs, there is a higher productivity in bales per unit of space or time when compared to treatments with lower efficiency. In addition, greater economic efficiency leads to the production of bales with lower unit cost. Lemos et al. (2014) obtained an economic efficiency of 4.56 for prismatic balers, and concluded that the higher cost percentage is justified by the larger amount of baled biomass. The authors considered logistic components, technology, and other equipment, items that influence costs and economic efficiency.
Conclusions
Bale volume was not influenced by windrowed trash volume and baler speed. Higher windrowed trash volume provided lower cost per bale and higher mineral impurity index and dry weight of bales.
Hourly fuel consumption and operational field capacity increased with increasing working speed.
Higher windrowed trash volume provided a greater number of bales produced per hour.
Higher economic efficiency is obtained with higher working speed and windrowed trash volume.
